Rab proteins are members of the superfamily of Ras-like small GTPases and are involved in several cellular processes relating to membrane trafficking and organelle mobility throughout the cell. Like other small GTPases, Rab proteins are initially synthesized as soluble proteins and for membrane attachment they require the addition of lipid moiety(ies) to specific residues of their polypeptide chain. Despite their welldocumented roles in regulating cellular trafficking, Rab proteins own trafficking is still poorly understood. We still need to elucidate the molecular mechanisms of their recruitment to cellular membranes and the structural determinants for their specific cellular localization. Recent results indicate that Rab cellular targeting might be Rab-dependent, and this paper briefly reviews our current knowledge of this process.
Introduction
Rab GTPases are initially synthesized as soluble proteins in the cytosol, which are post-translationally modified by prenylation, usually by two but in some cases by one geranylgeranyl group [1] . The prenyl groups are added, by covalent thioether bonds, to cysteine residue(s) located at the Cterminus of the Rab protein. The newly synthesized Rab proteins are first recognized by a soluble chaperone-like protein named REP (Rab escort protein), which presents them to RGGTase (Rab geranylgeranyl transferase) for the addition of the geranylgeranyl group(s) [2] . It is thought that the prenylated Rab proteins are escorted by REP to their target organelle, where the newly added lipid moieties allow the attachment of the Rab proteins into the lipid bilayer of the organelle and hence Rabs are considered as peripheral membrane proteins ( Figure 1 ). After performing their function, Rab proteins are extracted from membranes by RabGDI (GDP dissociation inhibitor) and remain in the cytosol until they are needed again. REP and GDI proteins are structurally similar and bind in a similar fashion to Rab proteins. The main distinction between the two proteins is that REPbound RGGTase recognizes Rabs only in the context of REP. The REP-Rab complex dissociates from RGGTase after the prenyl group addition to the cysteine residues at the C-terminal end, and REP delivers the Rab protein to a specific membrane. REP and GDI overlap functionally by both being able to deliver prenylated Rab proteins to membranes. However, they have distinct functions in the Rab cycle and one protein cannot substitute for the other at least in yeast. REP-mediated delivery presumably happens only once following Rab prenylation, whereas GDI cycling of Rab proteins takes place many times over the lifetime of a Rab protein. This differential function of the two related proteins is presumably governed by their ability to bind distinct sets of proteins that participate in the two processes.
Rab proteins are members of the Ras-like small GTPase superfamily of proteins and constitute the largest branch of this family, with over 60 members in the human genome and 11 in the budding yeast [1] . One remarkable characteristic of Rab proteins is their specific localization within the cell. This exquisite and specific intracellular localization of Rab proteins has been used as a marker for the identification of cellular organelles and their subdomains [3] [4] [5] . Munro [6] argues that peripheral membrane proteins, like Rabs, rather than integral membrane proteins are better determinants for organelle identity due to the direct delivery of this class of proteins to the target membrane rather than passing through the secretory pathway, which inevitably results in the distribution of the protein in several membranous compartments.
This high number of Rab proteins underscores their importance in the regulation of myriad trafficking processes including vesicle formation, motility, tethering and fusion to the acceptor membrane and signalling to other organelles [7, 8] . The ability of Rab proteins to perform several tasks in a co-ordinated and regulated manner arises from their highly dynamic conformation and mobility. They cycle between the GTP-bound 'active' and GDP-bound 'inactive' forms, assisted by the GEFs (guanine nucleotide-exchange factors) and GAPs (GTPase-activating proteins) respectively (Figure 1 ). This conformational cycle is the main driving force for the ON/OFF 'switch' mechanism of Rab proteins and their ability to regulate binding to downstream effectors and perform the desired function. For example, the GTPbound form of Rab5a binds to over 30 different 'effector' proteins that the GDP-bound form fails to recognize [7, 9] . A second level of Rab proteins 'dynamism' and regulatory prowess is dependent on their association/dissociation cycle Rab proteins are synthesized as soluble proteins in the cytosol (step 1), and they become geranylgeranylated by Rep/RGGTase (step 2). The prenylated Rab is then escorted by Rep to the target membrane (step 3), where GEF facilitates the exchange of the nucleotide (GDP to GTP) giving the active Rab conformation (step 4). The active Rab protein then recruits effectors required for designated function (step 5). GAP inactivates the Rab protein by catalysing GTP hydrolysis (step 6) generating Rab (GDP), which is a substrate for GDI-mediated recycling (step 7).
from the target membrane. Once the Rab protein performs its designated function on the membrane, it is first switched OFF by GTP hydrolysis assisted by GAP and then removed from the membrane by GDI. This dual switching-off mechanism is reminiscent of switching the car engine off and removal of the key for extra safety. This cycling between the membrane and cytosol could also reflect differences between the site of delivery of the Rab protein and the site of retrieval. To reswitch the Rab protein ON, GDI first reinserts the GDP-bound Rab protein into the membrane and then GEF exchanges the GDP with GTP to cause the conformational change that starts the recruitment of the required downstream effectors.
In this paper, we deal with the following two aspects of Rab biology: the mechanisms of Rab membrane targeting and the structural motifs for Rab targeting to cellular membranes.
Mechanisms of Rab membrane targeting I: delivery of Rab proteins to membranes by Rab GDF (GDI-displacement factor)
The binding affinity of Rab proteins to GDI is relatively high and for prenylated Rab9, for example, the dissociation constant (K d ) is approx. 20 nM [10] . This high affinity led to the proposal that the dissociation of Rab proteins from GDI and their subsequent association to membranes requires a displacement factor, named GDF [11] . Attempts to purify this GDF activity from membranes proved extremely difficult, but Sivars et al. [12] used a candidate-screening approach to show that human Yip3 exhibits GDF activity towards the prenylated endosomal Rab protein Rab9 and to a lesser extent towards Rab5. This assay is based on the release of GTP[S] from GDI-Rab complexes. Yip3 catalytically released GTP[S] from the complex, thus implying the dissociation of the Rab protein from GDI, as this is a prerequisite for GTP [S] release. This activity was reconstituted using liposomes and is distinct from GEF activity because Yip3 failed to stimulate the intrinsic nucleotide exchange of the endosomal Rab proteins. Yip3 was specific to endosomal Rabs, Rab9 and Rab5, and failed to act on Rab1 or Rab2. Yip3 remains the only GDF identified thus far and other members of the Yip family (Ypt interacting proteins) have been assigned other functions. For example, despite the ability of Yip1 and Yif1 to interact with Rab proteins, the disruption of either of the two proteins did not result in Ypt1 mislocalization or dysfunction [13, 14] . Instead, the temperature-sensitive mutants of those proteins in yeast blocked ER (endoplasmic reticulum) to Golgi transport and the mammalian homologue of Yip1 (Yip1A) showed a similar phenotype [14] . In addition, Yip1A was shown to be a part of the COPII vesicle-coat formation machinery and the mammalian Yip3 (PRA1) and Yif1 have been shown to interact with SNAREs (soluble Nethylmaleimide-sensitive fusion protein attachment protein receptor) [13, 15, 16] . More examples of the involvement of Yip protein family members as GDFs are needed before a generalization of their function as GDFs can be confirmed.
Mechanisms of Rab membrane targeting II: delivery of Rab proteins to membranes by nucleotide exchange factors (GEF)
It is an accepted notion that once a Rab protein has been deposited on to the target cellular membrane, it becames activated by its nucleotide exchange factor (GEF). However, only a few Rab GEFs have been identified thus far. Some GEFs have been shown to consist of multisubunit protein complexes. For example, Rabex5-rabaptin complex is GEF for Rab5 and the TRAPP complex for Ypt1 (Rab1 in mammals). An interesting observation is the finding that the activation of one Rab protein is a prerequisite for the targeting and recruitment of another. For example, activation of Ypt31/Ypt32 results in the recruitment of Sec2, the GEF for Sec4, which is the Rab downstream of Ypt31/Ypt32 in yeast secretory pathway [17] . This provided the basis for the cascade model, where the activation of one Rab would trigger the recruitment and activation of the following Rab, a process mediated by a common protein complex being an effector for one Rab and a GEF for the other. Like Rab proteins, GEFs generally have exquisite localization within the cell and therefore it has been postulated that GEFs might be the receptors or the targeting determinants of their client Rab proteins. However, GEFs are peripheral proteins themselves and must be recruited from the cytosol, and therefore it is highly likely that some other factor on the membrane precedes and presumably initiates the assembly of Rab proteins and their GEFs on the target membrane.
Mechanisms of Rab membrane targeting III: retrieval of Rab proteins from membranes mediated by Rab recycling factor
Once the Rab protein completed its designated function on the membrane, it becames inactivated by hydrolysing the bound GTP to GDP. This is usually accelerated and regulated by GAP. As has already been mentioned, inactive (GDPbound) Rab proteins are removed from the membranes by GDI. Similar to the delivery process, it is thought that protein factors on the membrane are needed for the efficient and regulated extraction process. Using a cross-linking approach, Sakisaka et al. [18] found that a fraction of the synaptic membrane-associated GDI is in complex with a chaperone complex containing Hsp90, Hsc70 and cysteine string protein. The ability of GDI to recycle Rab3A from membranes was enhanced by Hsp90 and inhibited by geldanamycin, an Hsp90 inhibitor. Similarly, neurotransmitter release was affected in a similar manner. These results led to the conclusion that Hsp90 chaperone complex is a Rab recycling factor. It will be interesting to see if Hsp90 plays a similar role for other Rabs and cell systems other than neuronal cells. Curiously, Hsp90 was co-immunoprecipitated with REP from brain cytosol and enhanced the REP-mediated Rab prenylation in vitro. However, the physiological significance of this interaction is still unclear (B.R. Ali, L. Desnoyers and M.C. Seabra, unpublished work).
Structural motifs for Rab targeting to cellular membranes
The domain structure of a Rab protein is presented in Figure 2 . The presence of a C-terminal prenylation motif, hypervariable domain and two switch regions is characteristic of most small GTPases. The prenylation motif is needed for the addition of geranylgeranyl groups to assist with the attachment of the protein to membranes, and the switch regions are flexible domains (loops) that change conformation upon GDP to GTP exchange. Extensive sequence analysis studies on Rab proteins revealed the presence of RabF (Rab family) and RabSF (Rab subfamily) motifs [19] . Despite this high degree of conservation in the structure of Rab proteins family members, their subcellular localizations and functions are exquisite and very specific. For example, although Rab5 and Rab4 are localized to early endosomes, there is evidence that they are targeted to distinct subdomains within the same organelle and perform different functions in the endocytic system [20] . However, the signals that dictate the distinct localization of Rab proteins remain poorly defined.
The presence of a double-cysteine prenylation motif is crucial for the correct targeting and functioning of several Rab proteins [21, 22] . For example, changing the doublecysteine prenylation motifs of Rab5a and Rab27a to a single cysteine resulted in the mistargeting of the two proteins to ER and Golgi instead of their correct localization on early endosomes and melanosomes respectively [22] . The adjacent domain called the hypervariable domain was proposed to contain the targeting signal for Rab proteins [23, 24] . Despite the attractiveness of this proposal, recent studies indicated that this is not the case for several Rabs. Replacing the hypervariable domain of Rab5a with that of Rab1a, Rab2a, Rab7 and Rab27a, had no effect on its localization to early endosomes or its function in endosomal fusion activity [25] . The converse swapping of the hypervariable domains of Rab1a, Rab2, Rab7 and Rab27a, failed to re-target the hybrid Rab proteins to endosomes. Similarly, replacing the hypervariable domain of Rab27a with that of Rab1 or Rab5a failed to re-target the hybrid proteins away from melanosomes in melanocytes and the hybrid proteins reversed the Rab27a-null phenotype (melanosomes clustering) in ashen cells indicating preservation of function despite exchanging the hypervariable domain [25] . Although a reciprocal exchange of the hypervariable domains between Ypt1 and Sec4 in Saccharomyces cerevisae appeared to disturb the targeting of the hybrid proteins, functional assays indicated the retention of their original function in vivo [26, 27] . Sec4p with the hypervariable domain of Ypt1 complemented the SEC4 yeast . Only a proportion of the hypervariable domain is shown due to truncation [28] .
deletion mutant and the converse hybrid protein (Ypt1 with the tail of Sec4) fully complemented YPT1 deletion mutant, indicating that at least a fraction of the hybrid proteins correctly targeted to the original compartment and were functional.
Extensive domain swapping and mutagenesis revealed the presence of motifs and sequences on the Rab protein that are essential for Rab targeting to membranes [25] . Reciprocal swapping of a part of the RabSF3 region of Rab5a and Rab27a resulted in the mistargeting of the mutant proteins to the ER and Golgi complex [25] . Similarly, mutations in the SF2 region of Rab27a or the F4 in Rab5 resulted in similar mistargeting [25] . Mistargeting of Rab proteins when domains were exchanged has been also shown for Rab6 when its α2L5 domain (RSLIPSYIRDST) was replaced with the α2L5 (HSLAPMYYRGAQ) of Rab5 [24] . These findings and others on Rab1 (B.R. Ali and M.C. Seabra, unpublished work) led us to conclude that the signal for the specific localization of Rab proteins is complex and most likely Rab-dependent.
In conclusion, Rab proteins are central to the regulation of several cellular processes related to membrane trafficking and cellular signalling. Their role in cellular traffic is well documented and reasonably detailed. However, the Rab proteins own trafficking pathways are not fully understood. The signal sequences for their specific localization need to be further studied. In addition, the factors that mediate their recruitment to membranes and retrieval by GDI are not fully understood and require further examination. Uncovering the molecular mechanisms underlying Rab targeting may yield significant new insights into intracellular organelle biogenesis and interorganellar communication.
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